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One other point should be mentioned here, which will be referred to again in another connection. The concentration of electrolytes necessary to produce flocculation (coagulation value) is not a fixed quantity, an intrinsic property of the given colloid, but varies markedly with the concentration of the sol. As seen in Table I and Fig. 2 , the more particles per unit volume, the less stable is the suspension. A smaller concentration of electrolyte suffices to produce aggregation; and the surface charge necessary to keep the particles dispersed and thus ensure stability becomes progressively higher. The theoretical considerations involved are discussed by Freundlich (1922) .
If. The Effect of Normal Serum upon the Lipoid Antigen
Serum proteins in solution are, of course, highly hydrophilic. When adsorbed at the surface of a heterogeneous phase, however, they may act in either of two diametrically opposed senses, depending upon the nature of the absorbent. They may retain their hydrophilic properties and form a protective film around a hydrophobic particle, preventing its flocculation by electrolytes; or they may become denatured when adsorbed, lose their hydrophilic properties, and become instead waterinsoluble, hydrophobic; they then sensitize the adsorbing particle, making it even more susceptible to flocculation by electrolytes.
The nature of this denaturation is not clearly known; full discussions are to be found elsewhere (Freundlich, 1922 (Freundlich, , 1924 . The point of interest is that serum globulin, when adsorbed by a colloidally dispersed heterogeneous phase, may form either a protective or sensitizing film, depending upon the nature of the adsorbent, the determining factors being unknown. When the lipoid antigen is added to normal serum, one can demonstrate a remarkably avid adsorption of the serum protein by the partides of the colloidally dispersed lipoid.
Protocol 2 5 cc. of antigen were shaken with 5 cc. of NaC1 N/7, the suspension centrifuged to remove the alcohol, and resuspended to 10 cc. in H20. Series of tubes were set up similar to those outlined in Tables II and III , differing only in the concentration of normal, i.e., Wassermann and Kahn negative serum. Cataphoretic velocities were measured in the simple Michaelis (1926) chamber, care being taken to make readings one-fifth of the distance from the top and bottom of the chamber to avoid endosmotic currents, and in both directions to counteract drifts due to gravity. The values given for the velocity in the tables and in the figures were obtained by measuring the time required for the particle to pass between two points on an ocular-micrometer scale. The absolute values of this velocity of the electroldnetic potential it implies (see note to Tables II and III) have only a qualitative significance, the important factor being the isoelectric point, the hydrogen ion concentration at which the charge on the particle changes sign (equal ionization as acid and base), and at which there is therefore no movement in an electrical field. Hydrogen ion concentrations were determined with the quinhydrone electrode, the error being ±0.05 pH.
The solid lines in all the figures indicate zones of flocculation, uniformly corresponding to zones of minimal potential; + signs indicate a particle positively charged towards the water, migrating to the cathode in an electrical field, whilesigns imply a negative electrokinetic potential.
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cataphoretic isoelectric point, shifts from pH 1.9 4-, that of the lipoid antigen particles, towards a more alkaline reaction, the degree of shift depending upon the concentration of serum protein. It is significant that the maximum change is to pH 4.9, midway between the isoelectric points of serum albumen and serum globulin; the particle is then completely covered w i t h protein, and has the same surface properties. With less serum, however, the amount of protein adsorbed does not suffice to cover the cell; the charge and the isoelec-440
FIo. 3. Effect of normal serum upon cataphoresis of the antigen particles.
tric point, determined as they are by a mosaic of protein and lipoid, therefore have some intermediate value, the exact value of which depends upon the proportions of the two types of surface. This is more clearly shown in Fig. 4 . In addition to affecting the isoelectric point, this adsorbed normal serum protein changes the surface charge (and cataphoretic velocity) of the antigen at all reactions, corresponding to a change from a surface of lecithin to one of serum protein, the degree of shift again depending upon the extent of the adsorbed film. 
B.
Mocvulation.--Despite the fact that, as just shown, serum protein is strongly adsorbed by the lipoid antigen, there is no significant change in its stability, as determined by its tendency to flocculate. True, the isoelectric point, and therefore the range of optimum flocculation, shift towards that of the adsorbed protein: but away from this reaction the suspension is even more stable than before the addition of serum. The adsorbed protein remains hydrophilic, and acts as a film of pro- tecfive colloid, preventing even the normal flocculation of antigen at its own isoelectric point (Fig. 6 ): while at serum reaction (pH 7.4) just as much electrolyte is required to cause flocculation in the presence of serum as in its complete absence.
Possibly, at high electrolyte concentration (e.g., > ~/2) the adsorption of normal serum protein is prevented, allowing the flocculation of the uncovered lipoid particle by electrolytes. At any rate, the critical potential and the coagulation value, and therefore stability, are not affected by normal serum. To summarize, normal serum protein is strongly adsorbed by the lipoid antigen,* forming a protective film of hydrophilic protein around the constituent particles, and adding to their stability away from their isoelectric point.
Ill. Properties of the Lipoid in Syphilitic Serum
When the antigen is placed in syphilitic serum, there is, of course, the same non-specific adsorption of normal serum protein. In addition, however, it combines with a specific component, so-called "reagin," with a striking change in its surface properties.
A. Composition of the Lipoid-Reagin Precipitate.-
Like true antibodies, this "reagin" is always associated with the globulin fraction of serum protein (Kapsenberg, 1924) (Sahlmann, 1922) (Gloor and K_linger, 1920) . Such evidence as there is to the contrary (Felke, 1921; Skrop, 1923) has been vigorously discredited by Stern (1923) . A priori, then, the precipitate should consist of the antigen plus the reagin-globulin with which it has combined. On this point, however, there is conflicting evidence. * This adsorption of normal serum protein at all reactions is in itself the strongest evidence against the theory (Epstein and Paul, 1922 ) that syphilitic reagin is a positively charged colloid, which combines with the negatively charged lipoid particle, with mutual discharge and precipitation. There is no experimental evidence for this theory (Bauer and Nyiri, 1921) , (Stern, 1923 (Stern, , 1924 ; moreover, it fails to explain why flocculation is not obtained when syphilitic serum is added to any negatively charged suspension. The fact that normal protein is adsorbed by lipoid even when both have the same charge (both negative at serum reaction) shows that one can not predicate opposite charges as the cause for the combination of lipoid with reagin, and their subsequent flocculation. Jacobsthal (1911) considered the aggregates to the lipoidal, as did Niederhoff (1921), and Epstein and Paul (1921, 1922) . Meinicke (1919) , on the other hand, misled by his two-phase reaction, considered the precipitate to be entir.cly proteid, disregarding the fact that microscopically one can see the aggregation of the lipoid particles. Following Georgi (1919) , who showed that the precipitate is not completely soluble in alcohol and ether, the exact analyses of Klostermann and Weisbach (1921) indicate that about 20 per cent of the precipitate can not be redissolved in alcohol and ether, and that of the insoluble residue at least one half (10 per cent of the total) is serum globulin; while Scheer (1921) considers the globulin to constitute 36 to 60 per cent of the total precipitate.
The following qualitative experiment shows dearly that the precipitate does consist chiefly (80 to 90 per cent) of the antigen lipoid, plus some specific component of syphilitic serum with which it has combined, a substance known to be associated with the globulin fraction of serum, giving the routine tests for protein and which can therefore be called reagin-globulin.
Protocol 4 Preparation of Large Quantities of Antigen-Reagin
Precipitate.--5 cc. of the alcoholic extract containing 0.6 per cent cholesterin were mixed with 5 cc. of NaC1 ~r/7 and the white suspension thus obtained shaken for a few minutes with 100 cc. of strongly positive syphilitic serum. After ½ hour at 56°C. and 24 hours at ice box temperature the suspension was diluted several times with saline in order to facilitate sedimentation, and centrifuged at 2500 r.p.m, for 30 minutes. The sediment was washed twice in 250 cc. NaC1 •/7, once in H~O and finally centrifuged in a graduated tube until its volume remained constant.
Qualitative Analysis of the Precipitate.--A known volume of sediment was
extracted with 15 cc. of alcohol, then with 15 cc. of ether, and finally again with 15 cc. of alcohol. The residual precipitate was centrifuged in a hematocrit tube until its volume remained constant. As seen in Table IV , from 10 to 20 per cent by volume of the antigen-reagin precipitate is insoluble in alcohol and ether.
The combined alcohol and ether extractions, representing 80 to 90 per cent of the total precipitate, when evaporated to dryness and redissolved in alcohol, form as efficient an antigen as the original cholesterinized extract; the antigenic lipoids are carried down unchanged in the precipitate. The 10 to 20 per cent residue is insoluble in water and saline; but since it contains N, and give the routine tests for protein (biuret, Millon, xanthoproteic), it must consist in part, if not wholly., of denatured serum protein.
A quantitative gravimetric analysis of the precipitate has no real 728 SEROLOGY OF SYPHILIS. I significance. The proportion of alcohol-soluble lipoids to serum globulin will depend upon the reagin-titre of the serum used and the relative amounts of serum and antigen; moreover, such large percentages of protein as found by Scheer represent non-specific normal protein, incompletely removed by washing.
Protocol 5
8 cc. of saline were shaken with 8 cc. of cholesterinized antigen, the resulting suspension centrifuged, resuspended to 15 cc. and added with shaking to 100 cc. of strongly positive syphilitic serum. After 24 hours in the ice box the mixture was diluted with 300 cc. NaC1, ~/7 (pH 7.4) and centrifuged. The sediment, taken up in 50 cc. NaC1, is Suspension 1, containing at most 1:50 parts of serum. After 2 hours at room temperature, the suspension was again centrifuged, and again made up to 50 cc. (Suspension 2, <1:2500 serum). The final suspension obtained after 4 such washings represents at least 1 : 10 r serum dilution, verified by the N content of the supernatant fluid. The isoelectric point of each suspension was determined catophoretically and by the zone of optimal flocculation. The experimental data are summarized in Fig. 7 , Table V corresponding to Curve 4 of the figure.
B. Egea of Washing.--
Normal serum alters the surface properties of the lipoid particles by virtue of the protein adsorbed. The following experiment shows that in the lipoid-reagin precipitate also, the protein detected chemically is present as a film around the lipoid particles, but more or less irreversibly adsorbed, and thus similar to antibody protein bound by a specific antigen.
Clearly, the protein taken up by the antigen from syphilitic serum is present as an incomplete film around the individual lipoidparticles, not removed by washing. The isoelectric range of Suspension 4, washed so thoroughly that it contains < 10 -7 parts of free serum, is pH 3.4 ±, the same as antigen suspended in 1:2000 serum, instead of the normal value of pH 1.9. Once the normal serum has been removed (1 to 2 washings), repeated further washing makes no more change in the surface properties than is indicated by the shaded zone of Fig. 7 .
Assuming an approximately equal ionization of the lipoid and protein surfaces per unit area, the shift in isoelectric point to pH 3.4 implies a lipoid particle roughly one-half covered with protein. Antigen therefore combines irreversibly with a specific protein of syphilitic serum. It is significant that Otto and Winkler (1922) arrived at the same conclusion by an entirely different line of investigation. They found that the washed lipoid-reagin precipitate sensitized 80 per cent of thirty-two guinea pigs to the subsequent injection of human serum, proving the presence of serum protein in the precipitate; while of the controls, nineteen guinea pigs injected with the lipoids washed after immersion in negative serum, only 20 per cent showed slight sensitivity to human serum, subsequently injected, and none died of anaphylactic shock.* * Similarly, agglutinated bacteria (Braun, 1909) or red cells (Altmann, 1912) sensitize an animal to the subsequent injection of serum of the same species as the antiserum.
There is therefore a striking analogy to the so-called specific immune reactions. Bacteria, red cells, and lipoid antigen all adsorb normal, as well as antibody protein: bt~t while the normal serum protein, remalning hydrophilic, is readily removed by washing, the antibody globulin is firmly bound, and has been shown (chemically, immunologicaUy, and by surface properties) to form a more or less irreversible denatured film around the antigen (Eagle, 1929, 2, 3; 1930) . It has already been shown (Eagle, 1930) that the flocculation of bacteria or of red cells by the antiserum is due to this film of antibody protein, denatured by its combination with the antigen, and therefore sensitizing the antigen-antibody complex to flocculation by electrolytes. The obvious implication is that the flocculation of the lipoid syphilitic serum is an exactly similar process, an hypothesis which is confirmed in the following sections.
C. Flocculating Properties of the Lipoid-Reagin Complex.q
Normal serum protein affected only the isoelectric point and the cataphorefic potential of the antigen, without changing its critical potential. The adsorbed film retained its hydrophilic properties, and the suspension therefore remained stable up to about 1 u NaC1 or 0.02 BaC12, the exact coagulation value depending upon the concentration of lipoid. In marked contrast, the lipoid-reagin complex is flocculated at any hydrogen ion concentration by traces of electrolyte. The reagin with which the antigen particles combine not only changes their isoelectric point and lowers their cataphoretic potential exactly as does normal serum protein, but in addition, raises their critical potential from 1 to 5 millivolts to 10 to 15 millivolts (Figs. 8 and 9 ), an increase in cohesive tendency of approximately fivefold.
It is therefore more than a coincidence that such dissimilar particles as bacteria, red cells, protein miceUae, and beef heart lecithin should have exactly the same isoelectric point, cataphoretic potential, and in particular, the same critical potential, after sensitization with the homologous antiserum (antibacterial, hemolytic, precipitating and syphilitic respectively). In all these antigen-antibody complexes, the surface of the originally dissimilar antigen particles has been covered with an identical film of specific globulin, in some way altered by its combination so as to lose its affinity to the aqueous phase. At serum reaction, it ionizes as Na + globulinate-, negatively charged because of the greater mobility of the inorganic ion. In the absence of electrolytes, this mutually repellent surface charge suffices to prevent cohesion of the particles as they approach during Brownian movement: the suspension is stable. Upon the addition of electrolytes the charge is depressed (Fig. 8) . So soon as it falls below the critical value for denatured globulin (I0 to 15 millivolts), the globulin-coated part.ides can approach within their radius of attraction, and aggregates form which sediment. The discharging ion is the one opposite in charge to the particle, the cation; and salts with bivalent cations, which are 20 to 40 times as effective in discharging, are correspondingly more active in causing, flocculation. Thus (Fig. 8) , the coagulation value for NaC1 (or Na~S04) is 1/20 to 1/15 M, for BaC1 5/400 to M/200; quantities to be contrasted with the corresponding values for the original antigen suspension, before it acquired its sensitizing cohesive globulin film.
At first sight, it seems paradoxical that normal serum protein, when adsorbed, forms a protective hydrophilic film, while the reagin-protein serves to decrease the stability of the lipoid with which it has combined, by forming a sensitizing film of denatured hydrophobic protein. There are, however, many examples of serum protein serving in both capacities. Aside from the specific reactions already cited there is the action of protein-containing spinal fluid upon a colloidal solution of mastic or gold: in large quantities, the fluid may protect the sol against flocculation (hydrophilic film of protein), in smaller quantities, sensitize; there is the prozone in specific agglutination; the sensitizing action of globulin on Fe~03 sols, and its protective action on dyes, etc. Moreover, the forces making for the loose reversible adsorption of normal serum protein are quite different from the specific affinity between the lipoid and ttie reagin globulin, as shown by the irreversibility of the latter combination, a difference further illustrated in the following section.
D. Complement-Fixing Properties of the Lipoid-Reagin Precipitate.-
The loss of its affinity for water is not the only change produced in a specific antibody globulin when it combines with antigen (bacteria, red cells, or dissolved protein). In addition to becoming denatured, and thus causing the flocculation of the antigen with which it has combined, it develops a marked avidity for complement (the hemolytic substance present in fresh serum), adsorbing it irreversibly (complement fixation). When the antigen-antibody complex is heated to 100 ° for a few seconds, this remarkable property is completely destroyed, presumably because of the heat-coagulation of the active film of denatured antibody (Eagle, 1929, 2) .
If the mechanism of the precipitation of lipoid antigen by syphilitic serum is, as outlined in the preceding sections, exactly analogous to these specific antigen-antibody reactions, the precipitate formed should only in its water-insolubility, and tendency to flocculate; but also in its ability to fix (adsorb) complement. Moreover, unlike normal protein, it attaches so firmly to the specific groups of the lipoid as to prevent any further combination with additional reagin. For lack of a better term, we may call this group of properties, induced in all antibodies by their combination with antigen, denaturation, remembering it to be quite distinct from the coagulation of a protein by heat.
